Aims/hypothesis We investigated whether single nucleotide polymorphisms (SNPs) associated with 25-hydroxyvitamin D concentration in the metabolic pathway of vitamin D show different genotype distributions between Finnish families with an offspring with type 1 diabetes (cases) and families with a healthy offspring (controls). Methods A total of 31 SNPs in eight genes were studied in case and control mothers and family members (offspring with type 1 diabetes and healthy siblings, healthy control children and fathers) (n=2,854). The 25-hydroxyvitamin D concentration was studied in 474 case and 348 matched control mothers during pregnancy. Results The genotype distributions of 13 SNPs (in the following genes: 7-dehydrocholesterol reductase NADSYN1/ DHCR7, vitamin D receptor VDR, group-specific component GC and CYP27A1) that showed a nominal association with 25-hydroxyvitamin D concentration (p<0.05) were compared between case and control families. SNPs in VDR had different genotype distributions between the case and control mothers (rs1544410, p=0.007; rs731236, p=0.003; rs4516035, p= 0.015), two SNPs (rs1544410 and rs731236) remaining significant after correction for multiple testing using a false discovery rate. The mean 25-hydroxyvitamin D concentrations during pregnancy did not differ between the case and control mothers. Conclusions/interpretation Our preliminary results suggest that the maternal genotypes of SNPs in VDR may influence the in utero environment and thus contribute to the early programming of type 1 diabetes in the fetus. It is possible that the effects are only relevant in the presence of vitamin D insufficiency.
Introduction
Vitamin D deficiency, which is most commonly defined as a serum 25-hydroxyvitamin D (25OHD) concentration lower than 50 nmol/l, may increase the risk of autoimmune diseases, diabetes, cancer and cardiovascular diseases [1] . The existing evidence on the association between vitamin D and type 1 diabetes is inconsistent. Vitamin D supplementation during infancy has been connected with a decreased risk of type 1 diabetes in several [2] [3] [4] , but not all [5] , studies. While it has been suggested that vitamin D supplementation during pregnancy is associated with a lower risk of type 1 diabetes, and that lower 25OHD concentrations during pregnancy are associated with a higher risk of type 1 diabetes in the offspring [6, 7] , some studies have not been able to confirm this [8, 9] . The prevalence of vitamin D deficiency has been shown to be higher in children with multiple pancreatic islet autoantibodies compared with autoantibody-negative children, although the type 1 diabetes did not progress more quickly in the vitamin D-deficient group [10] . In another study, the 25OHD concentration was not associated with islet autoimmunity or the progression of type 1 diabetes in children [11] . Several genes important to the metabolic pathway of vitamin D have been robustly associated with 25OHD concentrations, islet autoimmunity or type 1 diabetes [12] [13] [14] [15] [16] [17] .
The metabolism of vitamin D consists of several hydroxylation reactions catalysed by the members of the cytochrome p450 family. In the skin, vitamin D 3 (cholecalciferol) is synthesised from 7-hydrocholesterol. NAD synthetase 1 (NADSYN1) and 7-dehydrocholesterol reductase (DHCR7) together remove 7-hydrocholesterol from the vitamin D pathway. NADSYN1 and DHCR7 genes are located near each other and are often referred to as the NADSYN1/DHCR7 locus.
Vitamin D 3 is hydroxylated in the liver to 25OHD (by the cytochrome p450-containing hydroxylases encoded by CYP2R1 and CYP27A1). Vitamin D 3 and 25OHD are transported in the circulation bound to the vitamin D binding protein (DBP; encoded by the group-specific component GC gene). 25OHD is hydroxylated to the active form of vitamin D, 1,25-dihydroxyvitamin D (1,25OHD 2 ), in the kidney or target cells (by 1α-hydroxylase encoded by CYP27B1). Cubilin (encoded by the cubilin gene CUBN) is needed for the absorption of the 25OHD-DBP complex into the proximal tubules of the kidney. 1,25-dihydroxyvitamin D is further hydroxylated by 24-hydroxylase (encoded by CYP24A1) to the inactive form of vitamin D [18] . The active form of vitamin D acts through the vitamin D receptor (encoded by VDR), which is a nuclear transcription factor that regulates the transcription of vitamin-D sensitive genes. VDRs have been detected in most tissues, and it has been estimated that VDRs can regulate the expression of as many as 500 genes [19] .
The aim of the study was to compare the genotype distributions of single nucleotide polymorphisms (SNPs) related to vitamin D metabolism that showed the strongest association with 25OHD concentration in the Finnish population between case (offspring with type 1 diabetes) and control (non-diabetic offspring) families.
Methods
Study population A detailed description of the study population of pregnant women (including the eligibility and matching criteria for the case and control mothers) and the serum samples, as well as 25OHD analysis, has been previously published [8] . Initially, 751 families with offspring with type 1 diabetes and 751 control families around Finland were invited to participate in the study. A saliva sample was collected for DNA extraction from all the participants. A DNA sample was derived from a total of 2,854 individuals (512 case mothers, 470 case fathers, 534 case children, 238 healthy siblings, 379 control mothers, 340 control fathers and 381 control children). Of the 512 case mothers and 379 control mothers for whom a DNA sample was available, a 25OHD concentration was available for 474 and 348, respectively. The main reasons for missing 25OHD concentrations were that there was no sample, or no sample was left in the Finnish Maternity Cohort sample collection, or that the mother did not give permission to use the stored serum sample for 25OHD analysis. The mean age at diagnosis of the children with type 1 diabetes was 3.4 years (range 0-7 years). Written informed consent was collected from all participants. The ethics committee of the Hospital District of Helsinki and Uusimaa approved the study.
Selection and genotyping of SNPs DNA was isolated using Oragene kits (DNA Genotek, Ottawa, ON, Canada) from 2,854 individuals who submitted saliva samples. A total of 31 SNPs in eight candidate genes were genotyped using TaqMan (Applied Biosystems, Paisley, UK): VDR (rs731236, rs1544410, rs7975232, rs2228570, rs4516035, rs10783219); GC (rs4588, rs7041, rs12512631, rs2282679, rs3755967, rs17467825, rs2298850); CYP2R1 (rs10741657, rs2060793, rs1993116, rs7116978, rs12794714, rs10500804); CYP27B1 (rs108770112, rs4646536); CYP24A1 (rs6013897); CYP27A1 (rs17470271); CUBN (rs3740165); and NADSYN1/ DHCR7 (rs12785878, rs3829251, rs7944926, rs12800438, rs3794060, rs4945008, rs4944957). All the SNPs were in genes associated with the vitamin D pathway and have previously shown an association with either serum 25OHD concentration or type 1 diabetes [16, 17, [20] [21] [22] [23] [24] [25] [26] [27] .
Statistical methods All the statistical analyses were performed using Intercooled Stata 10 for Windows (Stata Statistical Software: Release 10, 2007; StataCorp, College Station, TX, USA). Linear regression was used to analyse the association between 25OHD concentrations and SNPs related to vitamin D metabolism. Due to the known seasonal variation of 25OHD concentrations in Finland, the analyses were adjusted for the month of sample collection. Pearson's χ 2 test was used for differences in the proportions of the case and control mothers by genotype. The sample size was derived from power calculations from our original paper [8] . When comparing the distribution of SNP genotypes, multiple testing was controlled for using the false discovery rate (FDR) method (a step-up procedure described by Benjamini and Hochberg [28] , using 0.05 as the criterion). If the original p value was smaller than the Benjamini-Hochberg critical value, the difference in genotype distribution was considered statistically significant.
Results
Genotyping All the SNPs were in Hardy-Weinberg equilibrium with the exception of VDR SNP rs7975232, which was removed from further analyses. Around 95-99% of the samples were successfully genotyped, and 100% of genotypes were concordant in 120 duplicate samples.
From the 31 SNPs, we selected those that had the strongest association with 25OHD (with a nominal p value of <0.05) in the Finnish population (13 SNPs in four genes, NADSYN1/ DHCR7, VDR, GC and CYP27A; Table 1 ), and then compared the genotype frequencies between the case and control families (Table 2) . Three SNPs demonstrated different genotype distributions between the mothers of children with type 1 diabetes and the control mothers; all these were localised to VDR (rs1544410, p = 0.007; rs731236, p = 0.003; and rs4516035, p=0.015). Two SNPs (rs1544410 and rs731236) remained statistically significant after correction for multiple testing with FDR. The difference in the proportion of minor alleles between the case and control mothers was not statistically significant (Table 2) .
No significant differences were observed between the allele frequencies of the 13 studied SNPs in the fathers, between the case and control children, or between the case children and their healthy siblings. Similarly, in the case families, no allele of the 13 SNPs studied was preferentially transmitted to the child with type 1 diabetes.
Maternal serum 25OHD concentrations The mean 25OHD concentrations in the case (44.9 nmol/l, n=474) and control (43.7 nmol/l, n=348) mothers did not differ significantly when adjusted for the month of sample collection. In total, 69.1% of all the mothers showed vitamin D deficiency (25OHD concentration <50 nmol/l). Only 3.7% of the case 
Discussion
In this study, we investigated the genotype distributions of SNPs related to vitamin D metabolism between families whose offspring had type 1 diabetes (cases) and families with healthy offspring (controls). Our results suggest that certain maternal VDR variants are associated with a child's risk of type 1 diabetes independent of the child's genotype, and may thus influence the in utero environment and contribute to the early programming of type 1 diabetes in the fetus. In our previously published study [8] , we did not find a difference in 25OHD concentrations in pregnant women in the first trimester who gave birth to a child with type 1 diabetes when they were strictly matched with control families with no diabetic children, or in 25OHD concentrations during pregnancies that produced children with type 1 diabetes vs their healthy siblings. This is in contrast to a smaller study of Norwegian women [7] in which low 25OHD concentrations (mainly in the last trimester) were associated with an increased risk of type 1 diabetes. However, more than 70% of the At this point, we can only speculate on the possible biological mechanisms that seem to connect certain maternal VDR variants with risk of type 1 diabetes in a child. The 13 SNPs that we used to compare the genotype frequencies between case and control mothers were selected on the basis of a nominal association with 25OHD concentration. However, based on the data provided in the present study, there is no reason to assume that the connection of the VDR variants with maternal 25OHD concentration would necessarily explain the increase in risk of type 1 diabetes in the children of mothers carrying these VDR variants. The association of the VDR variants with 25OHD concentration can rather be seen as a marker of an (unknown) effect of the variants on maternal vitamin D metabolism and/or VDR function that further associate with the risk of type 1 diabetes in the child.
The vitamin D receptor is a transcription factor with hundreds of target genes [19] . We have previously reported that a genetic variation in VDR is a determinant of its expression [29] . It is thus possible that the genetic variation in maternal VDR modifies the genetic effects of vitamin D, some of which, possibly together with vitamin D deficiency, may contribute to the autoimmune process in the developing fetus and thus to the pathogenesis of type 1 diabetes. This would be consistent with the Diabetes Autoimmunity Study in the Young (DAISY), which demonstrated an interaction between VDR and protein tyrosine phosphatase, non-receptor type 2 gene (PTPN2), affecting the risk of progression to type 1 diabetes [13] . The fact that no difference in the genotype distribution of SNPs of VDR was seen in the present study between children with type 1 diabetes and control children suggests that the effect is associated with the maternal in utero environment and developmental processes during pregnancy.
VDR is expressed in placenta and its expression levels rise in late pregnancy compared with mid-pregnancy [30] . Since the genomic actions of ligand binding to the VDR include modulation of the immune system with a shift to a T helper type 2 cytokine response pattern [31] , the genomic actions of maternal VDR may assume a greater role in the presence of a reduced supply of 25OHD to the fetus determined by both environment and genotype.
The focus of genetic studies of type 1 diabetes has been the affected child, and the effect of the maternal genotype independent of the child's genotype has not previously been described as a determinant of the child's risk of type 1 diabetes. However, the maternal genotype has previously been shown to be associated with, for example, the child's brain morphology [32] , cognitive development [33] , risk of autism [34] and atopic dermatitis [35] . The fact that type 1 diabetes-associated autoantibodies that precede the diagnosis of type 1 diabetes can appear only months after birth [36] suggests a fetal programming of the disease.
The clinical significance of our findings is not clear. Several genes contribute jointly to the development of type 1 diabetes, and thus a certain genetic marker alone may have only a minor impact on susceptibility to the disease. Our results require independent validation in a larger, wellcharacterised dataset of cases (the mothers of children with early-onset type 1 diabetes) and well-matched controls, and in relatively homogenous populations, for whom 25OHD levels could be recorded and genotype data were available. It is also important to investigate whether the genetic variation of VDR affects 25OHD concentrations in the fetus by, for example, collecting cord blood samples. Our results highlight the importance of investigating factors that affect the in utero environment and may thus contribute to the early programming of type 1 diabetes.
Although the present study had adequate power to detect the effect of certain maternal SNPs of VDR on the risk of type 1 diabetes in the child, the effect of other SNPs may not be seen in the present study due to its limited power. If our results can be validated, this will be the first time that the interaction between maternal genes and environment will have been demonstrated to influence autoimmunity in utero, which, together with a child's high-risk type 1 diabetes-associated genotype, determines the susceptibility to type 1 diabetes. The results of the present study emphasise that the in utero environment should be a line of investigation when trying to find methods for the primary prevention of type 1 diabetes.
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